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US 9,120,173 B2 
1. 

BONDING OF METAL COMPONENTS 

The present invention relates to methods of bonding metal 
or metal alloy components and more particularly to bonding 
methods involving brazing. 
A conventional brazing process typically involves the heat 

ing of two metal components with a third metallic material, 
typically a brazing alloy, of lower melting point, disposed 
there-between such that the third metal melts and reacts with 
the parent materials to form a strong bond. This differs from 
soldering in that the interaction between the brazing alloy and 
the parent materials is greater than that in Soldering, at least in 
part because the temperatures involved in brazing processes 
are higher. 

In a number of industries, including the aerospace industry, 
it is necessary to form strong bonds between metallic mate 
rials, such as titanium alloys. U.S. Pat. No. 2,798,843 
describes a method of plating a titanium alloy with silver and 
then using the silver layer to braze the titanium alloy. 

Shape memory alloys (SMAs) are being increasingly 
investigated as actuators for a number of machines and appli 
cations. SMA's are intermetallic materials that exhibit a 
reversible martensitic transformation. In their high tempera 
ture (austenitic) state, the shape memory alloy behaves Sub 
stantially like an ordinary metal. When the SMA cools down 
below a certain point (a martensite start temperature), the 
material transforms from a cubic structure to a monoclinic 
structure. Cycling the SMA between its martensitic and aus 
tenitic states by heating and cooling provides for a predictable 
actuator motion. 

In order to allow SMA's, such as Nickel Titanium alloys, to 
be used in a variety of engineering applications, it is necessary 
to join the SMA to other metal materials. 

Research has suggested that it may be possible to join a 
SMA to certain metal components through brazing using a 
commercially available silver-copper eutectic brazing alloy. 
However such methods require the whole component to be 
placed in a vacuum furnace at temperatures typically above 
800° C. for an extended period of time, such as for example 
from three minutes to half an hour, depending on the heating 
method (infrared, microwaves, conventional oven, etc). 

Shape memory alloys have been found to be particularly 
sensitive to heat treatment to temperatures suitable for tita 
nium bonding and a major drawback of the above-described 
approach for SMA brazing, is that for actuator applications 
(as well as other potential SMA applications) the heat 
required for brazing can destroy, or at least negatively impact 
upon, the delicate shape memory effect (SME) properties of 
the SMA. 

Whilst a combination of isothermal melting behaviour and 
relatively low alloy melting point makes eutectic alloys a 
widely-adopted choice for brazing applications, the inventor 
has also determined that the proposed brazing alloy promotes 
the formation of brittle copper-titanium intermetallic com 
pounds during the brazing process that can reduce the 
strength of the joint and also adversely affect its fatigue life. 

It is an object of the invention to provide an alternative 
method of bonding metal alloys and a corresponding bond, 
which mitigates at least Some of the above problems. It is an 
additional or alternative aim of the invention to provide an 
SMA bonding process which creates an adequate bond with 
out adversely affecting the operational attributes of the SMA. 
The present invention derives from the basic premise of, 

interposing a plurality of metallic layers between metallic 
components to be bonded and heating the plurality of inter 
posed layers to a temperature such that at least one of the 
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2 
layers only partially melts so as to form a brazing alloy and 
thereby bond the components together. 
The interposing of layers between the metal components 

may comprise applying a coating layer to at least one of the 
metal components to be bonded. The coating layer may com 
prise or Substantially consist of a precious metal. Such as, for 
example, silver. 

According to one aspect of the invention, there is provided 
a method of bonding a first component comprising a titanium 
containing alloy to a second metal component containing 
nickel, the method comprising: applying a coating layer to the 
first component in the region to be bonded, the coating layer 
comprising or consisting of a precious metal; interposing an 
intermediate metallic layer between the coating layer of the 
first component and the second component; holding the coat 
ing layer in contact with the intermediate layer, and heating 
the coating layer and the intermediate layer to initiate melting 
of at least one of said layers so as to form a bond between the 
first and second components. 

According to a preferred embodiment, the heating of the 
coating and intermediate layers is such that at least one of the 
coating and intermediate layers only partially melts. A por 
tion of at least one layer may remain Substantially solid 
throughout the bonding process. 
A coating layer may be additionally or alternatively 

applied to the second component. The coating layer on the 
second component may comprise or Substantially consist of a 
precious metal. The intermediate layer is preferably sand 
wiched between the coating layers of the first and second 
components during the onset of heating. 
The brazing of the coating layer(s) with the intermediate 

layer according to the present invention has been found to 
reduce the formation of brittle intermetallic compounds dur 
ing bonding. The intermediate layer may serve to prevent 
interdiffusion of the component materials during brazing. 
The intermediate layer may serve to reduce the tempera 

ture at which the onset of melting of the coating layer occurs. 
The intermediate layer may serve as melting point depressant 
for the layered arrangement. The material or element of the 
intermediate layer may have a melting point higher than that 
of one or both coating layers. 

According to one embodiment embodiment, the heating of 
the coating layer(s) and intermediate layer forms a brazing 
alloy in situ. The alloy typically comprises a combination of 
the coating layer(s) and intermediate layer materials. 

In one embodiment, the heating may comprise heating the 
coating and/or intermediate layers to form a brazing alloy in 
situ such that the brazing alloy only partially melts. The 
method allows the melting of the metal coating layers to be 
controlled such that the formation of titanium intermetallics 
is minimised. The heating may comprise heating to, or 
beyond, a temperature at which the material of the first and/or 
second components is self fluxing. 

According to a preferred embodiment, the heating of the 
layers comprises local heating of one or more of said layers. 
The heating may be achieved through resistance heating. An 
electric current may be passed through one or more of the first 
or second components or the layers there-between so as to 
generate heat therein. The bonding method may comprise a 
resistance brazing process. 
The coating layer may be applied to the first and/or second 

components by a deposition process Such as an electro-depo 
sition process. The coating layer may be applied by electro 
plating. 
The intermediate layer may be applied to an outer surface 

of the coating layer of at least one of the components. The 
intermediate layer may be applied by a deposition process 
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Such as an electro-deposition process. The intermediate layer 
may be applied by electroplating. 

Electroplating of interlayers is beneficial since it reduces 
oxidation and other contaminants on the parent material Sur 
faces. 
The second component may comprise a titanium alloy. The 

first or second component may comprise a shape memory 
material. Such as a shape memory alloy. The first or second 
material may comprise a Nickel Titanium alloy. 
The local heating of the layers for brazing of the compo 

nents is particularly beneficial when one of the components 
comprises a SMA, since the SMA can be maintained at a 
temperature Substantially below the brazing temperature Such 
that the shape memory properties of the SMA are not 
destroyed or adversely affected by the brazing process. That 
is to say the SMA behaviour remains substantially unchanged 
by the heat applied during the brazing process. 

The coating layer on the first and/or second component 
may comprise silver. The intermediate layer may comprise 
copper. 

It has been found that a strong metallurgical bond is formed 
by electroplating silver onto each of the components, electro 
plating a thin layer of copper onto one of the silver layers and 
then resistively heating the surfaces together. The electroplat 
ing of the silver to the components in advance of the brazing 
process has been found to increase bond strength. Also it has 
been found that, in using such a layered construction at the 
joint, and applying heat in the manner described, a semi-solid 
alloy composition is formed in situ which rapidly interacts 
with the first and second components, thereby reducing pro 
cess times. 
The present invention may also offer a greater degree of 

control of brazing alloy thickness and/or composition than 
compared to standard brazing alloys. Furthermore the brazing 
temperature can be adjusted by controlling the composition 
of the layers, which can provide a further advantage over the 
use of standard brazing alloys. 

According to a further aspect of the present invention, there 
is provided a bond between first and second components 
produced according to the method of the first aspect. 

Practicable embodiments of the invention are described 
below in further detail with reference to the following draw 
ings, of which: 

FIG.1a shows a section view of material layers for bonding 
first and second components according to one embodiment of 
the invention; 

FIG. 1b shows the bond formed by brazing the material 
layer construction of FIG. 1a, 

FIG. 2 shows a flow diagram of the steps performed in 
accordance with one embodiment of the invention; 

FIG. 3 shows a resistance brazing arrangement for use 
according to one embodiment of the invention; and, 

FIG. 4 shows a silver-copper phase diagram. 
To construct a Shape Memory Alloy (SMA) actuator, for 

use in engineering applications, it would be beneficial to join 
a SMA, based on Ni-50 Ti-50 alloys, to other metals. For 
aerospace applications in particular, it would be beneficial if 
a SMA could be bonded to anaerospace grade titanium alloy, 
such as Ti-6Al-4V. Such grades of titanium and higher are 
also required in other industries such as medical, marine, 
chemical processing industries and accordingly the present 
invention may be equally applicable in Such applications. 

Research by the applicant into brazing titanium-containing 
components, involving the local heating of a silver-copper 
eutectic alloy, has revealed the formation of a titanium rich 
liquid in addition to the silver-copper liquid. It has been 
determined that this titanium liquid acts to eject the silver 
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4 
liquid such that the titanium liquid then bridges the gap 
between the components being bonded. In the example of 
bonding NiTi(Cu) and Ti-6Al-4V, bridging by the titanium 
liquid creates a self-sustaining reaction where titanium is 
dissolved from the Tió-Al-4V and nickel plus titanium is 
dissolved from the NiTi(Cu) forming a NiTi intermetallic 
compound. 

This NiTi material has very low strength, which makes the 
resulting bond unsuitable for a majority of applications. 

This interaction has not been reported in the previous braz 
ing experiments using vacuum furnaces since the pressure 
applied in Such circumstances is not generally Sufficient to 
allow the titanium-rich liquid to bridge the gap between the 
component or parent materials. The reactivity of titanium 
generally requires a titanium joint to be held in an inert 
atmosphere (such as a vacuum or very high purity argon) for 
brazing, since the presence of oxygen can weaken the joint. 
However such a process is relatively inefficient in both time 
and cost/energy. 
The present invention derives from the basic premise of the 

provision of a means for preventing the titanium-rich liquid 
from bridging the gap between the components to be joined, 
which in this example comprise SMA and titanium alloy 
parent materials. 

Turning now to FIG. 1a, there is shown an arrangement of 
a first component 10 comprising, or consisting of a first 
material and a second component 12 comprising, or consist 
ing of a second material. The first material is Ti-6A1-4V and 
the second component 12 is a NiTi SMA. 

Each of the first and second components have a corre 
sponding silver layer 14, 16 deposited thereon in the region of 
the intended join between the components. A further layer 18 
is provided between the layers 14, 16 in readiness for brazing. 
The arrangement is then brazed in order to achieve the join 
shown in FIG. 1b. Details of the process are described in 
further detail below with reference to FIG. 2. 
The first material 10 is prepared by cleaning the interface or 

Surface to be bonded at stage 20. Conventional cleaning meth 
ods can be used to achieve a Surface that is generally flat, 
Smooth and free of grease or impurities. 
At 22, the first material 10 is electrolytically or otherwise 

treated so that the surface oxide layer is soluble in a silver 
containing electrolyte (or other precious metal containing 
electrolyte, corresponding to the first material). Material 10 
then has a thin layer 14 of silver (or other precious metal) 
electrolytically deposited on the Surface to give a complete 
covering of the surface region to be bonded. The layer 14 is 
typically of the order of a few microns, for example approxi 
mately 10 microns. However greater layer thicknesses may be 
applied depending on the desired join characteristics. 
The process of stages 20 and 22 is also carried out for 

material 12 at Stages 24 and 26. This may be done concur 
rently or sequentially with stages 20 and 22. Thus both mate 
rials 10 and 12 have a corresponding layer 12, 14 of silver 
applied thereto in the region to be bonded. The layers 12 and 
14 are Substantially continuous and uniform, as far as possible 
using the relevant coating processes, over the region to be 
joined. 

At 28, one of the surface layers 14, 16 after being deposited 
on the corresponding component 10, 12, is then coated with a 
melting point depressant material layer 18. This is achieved in 
this example by a further electro-deposition/electroplating 
process using copper Sulphate? Sulphuric acid solution to 
deposita thin copper layer on the material immersed therein. 
The volume of copper deposited is sufficient to initiate 

melting in the silver layers 12, 14 at a temperature below the 
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melting point of silver, but there is insufficient copper to fully 
melt through the silver on either side of the joint. 
The exposed outer layer surfaces of components 10 and 12, 

comprising one silver Surface layer and one copper Surface 
layer in this example, are then held together under a suitable 
force at stage 30. For the present embodiment, a pressure in 
the region of magnitude of 1 MPa has been found to be 
suitable, although it is envisaged that different forces/pres 
sures will be applicable to different layer thicknesses and 
materials. Such layer thicknesses and associated forces can be 
determined by routine experimentation in order to achieve the 
desired effects described herein. 
The contact region between the components is then rapidly 

heated at stage 32 until melting of between 50-70% of the 
layers forming the brazing alloy is achieved. In this embodi 
ment the layer construction is heated to approximately 90% 
of the melting point of the material of layers 14 and 16, that is 
to a temperature of approximately 860° C. in the case of 
silver-copper bonding. Any suitable conventional rapid heat 
ing techniques may potentially be applied but in the present 
example resistance heating was undertaken using the 
arrangement shown in FIG. 3. 
An electrode 34 is applied, in this example to the SMA side 

of the bond, so as to pass current through the assembly includ 
ing the coating and intermediate layers and thereby heat the 
joining layers 14, 16 and 18 by electrical resistance. A cooling 
water supply 36 is provided to at least the SMA 12 to maintain 
the body of the SMA at a reduced temperature compared to 
that of the join. Typically the body temperature of the SMA 
material can be maintained at below 200° C. to avoid degra 
dation to the SMA properties. 

Despite only a single electrode 34 being shown, the 
intended heating method involves clamping the materials to 
be bonded between two water cooled electrodes so that the 
heat is generated at the interfaces within the joint and between 
the electrodes and the work piece. This method allows the 
shape memory alloy in the primary application to be cooled in 
the areas not being joined, through the water flowing around 
the electrodes. 

The heating is maintained so as to hold the desired tem 
perature in the vicinity of the join for in the region of 1 to 2 
minutes. A duration of 90 seconds at the brazing temperature 
was found to be adequate. 

The triple layer of the electrodeposited brazing alloy mate 
rials melts from the middle region (i.e. adjacent the interme 
diate layer 18) outwards. The bonding of the solid silver layer 
that is directly in contact with the parent materials is enhanced 
by the fact that the silver is already bonded to the parent 
material Surface, instead of merely being placed in contact 
with the parent material, as is the case with conventional 
brazing alloys and processes. 

Silver-copper brazing alloys can be used to better effect 
according to the present invention than according to conven 
tional brazing processes. This can be achieved by having a 
solid or partially solid interlayer 18 separating the two sides 
during brazing. Solid State bonding using pure silver can 
create bonds between SMA and Ti-6Al-4V, but the brazing 
temperature and duration to forman effective bond would use 
significant power and cooling water over an extended period 
of time to make each bond. Also there would be a high risk of 
oxygen entering the joint and making it brittle. 
The silver-copper combination advantageously forms a 

semi-solid, and an associated semi-solid bond, above the 
temperature at which titanium self-fluxes, but below the 
Ti-6A1-4V beta transus temperature. 
A partially liquid, silver-rich layer can bond to the titanium 

and SMA components rapidly due to the increased diffusion 
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6 
rates of liquids over Solids. If a quantity of the brazing alloy 
remains Solid then the two-phase liquid will have a high 
Viscosity, providing resistance to displacement. Even though 
a pressure is applied to the parent materials to produce a 
gas-tight seal, the silver-rich liquid is lost because titanium/ 
copper-rich liquid takes its place, not solely from the pressure 
itself. 
The proportion of Solid to liquid in the brazing alloy is a 

function of the temperature and composition as indicated in 
FIG. 4. In an initial embodiment, the amount of silver was set 
at 95% by weight, which is akin to the quantity of silver used 
in commercially available brazing foils. However it has been 
found that, by using electroplated silver and copper layers, 
which become an alloy in situ, it is possible to make use of 
bespoke foil thicknesses and compositions. Accordingly it 
has been found that a composition of 12-25% can be used. 

Changing the concentration of silver alters the temperature 
when melting commences (Solidus) and the temperature 
when melting is complete (liquidus). It also has an effect on 
the affinity of the liquid silver-copper with the titanium or 
SMA materials. 
Copper reacts with titanium more rapidly than silver, 

which has a two-fold effect. The silver-copper alloy is more 
effective at wetting the titanium and SMA parent materials 
when there is a significant amount of copper present, being at 
least 5% by weight of the alloy. However if too much copper 
is present then the silver-copper liquid may start to leach 
titanium out of the parent materials, forming a titanium 
copper liquid that can initiate the bridging phenomenon 
between the parent materials. The correct composition of 
silver and copper, between the two extremes described above, 
can produce a fast acting brazing alloy that produces a strong, 
ductile bond. Through using resistance brazing, this joint can 
be made without heating the surrounding SMA to a point 
where they lose their SME properties. 
At least one novel aspect of the present invention may be 

considered to reside in the creation of a brazing alloy in-situ 
using multiple layers, wherein one such layer is coated onto a 
component to be bonded. The provision of suitable material 
layers at the interface between the components to be joined 
allows for a joining structure that retains sufficient mechani 
cal integrity during brazing Such that it still acts as a barrier to 
diffusion between the parent materials of the components 
being joined. Welding inevitably forms brittle intermetallics 
in certain material joining combinations, so a third material 
interlayer is employed. This interlayer 18 prevents diffusion 
between the parent materials, whilst bonding them together 
through partial melting of the electroplated layers. In contrast 
to conventional brazing, wherein the brazing alloy fully 
melts, allowing contact of the parent material and therefore 
intermetallic formation, aspects of this invention allow some 
of the brazing material to remain Solid, physically separating 
the parent materials, and also partially melts so that a bond 
can be rapidly made. 
The silver layers are at least 20 microns thick to avoid 

copper interacting with the Titanium alloy as TiCu interme 
tallic compounds which have lower strength. 

Advantages of this method include that the bonding tem 
perature and especially pressure can be reduced to avoid 
disruption of the parent materials. This is particularly impor 
tant when joining shape memory alloys to other materials. 
Also the bond can be achieved in a rapid brazing process 
which avoids the need for a vacuum. 

Returning now to FIG. 2, once the heating step 32 has 
completed, the completed joint is allowed to cool, either 
naturally or through forced cooling using conventional tech 
niques. 
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The final form of the joined components 10 and 12 is 
shown in FIG. 1b, in which the previous arrangement of 
layers 14-18 has become a solid solution 38 of the material of 
layers 14 and 16 (i.e. silver) alloyed with the material of the 
intermediate layer (i.e. copper). The components 10 and 12 
are thus joined by a substantially single layer of alloy 38 so as 
to provide a bonded article. 
One of the driving advantages of the present invention is 

that it allows a strong metallurgical bond to be formed 
between SMA and titanium components. However the join 
ing method is also applicable to any metal combination that 
can be coated with a precious metal Such as silver or gold 
through electrochemical deposition, Such as for joining tita 
nium alloys to nickel alloys. It would also be possible to join 
nickel foams to titanium using this method. 
The invention may also be achieved by sputter coating the 

layers of any or all of brazing materials onto the relevant 
surfaces, although it is generally felt that this would be a less 
practical way of coating the Surfaces prior to brazing. It will 
also be appreciated that other coating processes may be 
attempted for either the coating layers or else the intermediate 
layer, including other thin film deposition methods, Such as 
physical/chemical vapour deposition, ion beam or dipping the 
parent metal in a molten bath of the coating metal. Whilst 
silver is considered the primary choice of precious metal for 
providing a barrier layer that does not form brittle interme 
tallics, it could be substituted by other elements that do not 
form brittle intermetallics, such as gold or platinum. 
The melting point depressant selected for this application 

is copper due to its interaction with silver. However any of a 
range of other metals could be used, so long as they form a 
binary eutectic with the precious metal being employed. 

This invention is intended to be used with parent metals 
that are self-fluxing at the intended bonding temperature to 
produce a fully metallic bond. This differentiates the process 
from a soldering operation, which would take place at low 
temperatures and require the use of a separate flux. 

Altering the metal combinations used in the manner 
described above would allow the bonding temperature to be 
significantly changed. This feature may be of benefit if the 
parent materials to be bonded are different. Many material 
combinations form intermetallic phases which are adverse to 
the formation of a strong bond, and so the present invention 
could potentially be used for a range of metal combinations 
that Suffer from intermetallic formation during joining, so 
long as the metals are capable of self-fluxing at the bonding 
temperature. 

In other applications of the invention, the local heating 
could be applied through other conventional heating tech 
niques, so long as the time attemperature could be accurately 
controlled. 

The invention claimed is: 
1. A method of bonding a first component comprising 

titanium to a second metallic component containing nickel, 
the method comprising: 

providing the first component comprising titanium, and the 
second metallic component comprising a nickel-tita 
nium shape memory alloy; 

interposing a plurality of metallic layers between the first 
component and the second component; and 

heating the plurality of metallic layers so as to form a bond 
between the first component and the second component 
by brazing, 

wherein the heating comprises heating the plurality of 
metallic layers to a temperature at which only a portion 
of the plurality of metallic layers melts such that at least 
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8 
a remaining portion of the plurality of metallic layers 
remains Solid during the brazing. 

2. The method according to claim 1, wherein the interpos 
ing of the plurality of metallic layers comprises: 

applying a coating layer to the first component in a region 
to be bonded; and 

interposing an intermediate layer between the coating layer 
and the second component. 

3. The method according to claim 2, wherein the interpos 
ing of the plurality of metallic layers further comprises: 

applying a second coating layer to the second component 
and interposing the intermediate layer between the coat 
ing layer and the second coating layer. 

4. The method according to claim 1, wherein one of the 
plurality of metallic layers serves as a melting point depres 
sant for at least another one of the plurality of metallic layers. 

5. The method according to claim 2, wherein the heating of 
the coating layer and the intermediate layer forms a brazing 
alloy in situ, the brazing alloy comprising a combination of a 
material of the coating layer and a material of the intermediate 
layer. 

6. The method according to claim 2, further comprising 
applying the coating layer and/or the intermediate layer using 
an electro-deposition process. 

7. The method according to claim 2, further comprising 
applying the intermediate layer to an outer Surface of the 
coating layer of the first component by a coating process. 

8. The method according to claim 1, wherein the heating 
comprises brazing the first component and the second com 
ponent at or above a temperature at which a material of the 
first component and a material of the second component are 
self fluxing. 

9. The method according to claim 1, wherein the heating 
comprises local heating of the first component, the second 
component, and/or the plurality of metallic layers by resis 
tance heating. 

10. The method according to claim 1, wherein the first 
component comprises a titanium alloy. 

11. The method according to claim 1, wherein at least one 
of the plurality of metallic layers comprises a precious metal, 
and at least another one of the plurality of metallic layers 
comprises copper. 

12. The method according to claim 1, wherein at least one 
of the plurality of metallic layers and/or the coating layer has 
a thickness in the region of 5-30 microns. 

13. The method according to claim 1, further comprising: 
holding the first component and the second component 

together under a pressing force with the plurality of 
metallic layers disposed there-between so as to apply a 
pressing force thereto during the heating, the heating 
being undertaken in an air environment. 

14. The method according to claim 1, wherein the inter 
posing of a plurality of metallic layers comprises: 

applying a coating layer to the second component in a 
region to be bonded; and 

interposing an intermediate layer between the coating layer 
and the first component. 

15. The method according to claim 14, wherein the inter 
posing of a plurality of metallic layers further comprises: 

applying a second coating layer to the first component and 
interposing the intermediate layer between the coating 
layer and the second coating layer. 

16. The method according to claim 14, wherein the heating 
of the coating layer and the intermediate layer forms a brazing 
alloy in situ, the brazing alloy comprising a combination of a 
material of the coating layer and a material of the intermediate 
layer. 
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17. The method according to claim 14, further comprising 
applying the coating layer and/or the intermediate layer using 
an electro-deposition process. 

18. The method according to claim 14, further comprising 
applying the intermediate layer to an outer Surface of the 5 
coating layer of the second component by a coating process. 
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